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Abstract—A metallo-dielectric multilayer structure is 
proposed as a novel approach to the analysis of lactose 
malabsorption. When lactose intolerance occurs, the bacterial 
overgrowth in the intestine causes an increased spontaneous 
emission of H2 in the human breath. By monitoring the changes 
in the optical properties of a multilayer palladium-polymeric 
structure, one is able to detect the patient’s disease and the level 
of  lactose malabsorption with high sensitivity and rapid 
response. 
 
Index Terms — Chemical Sensor, Lactose Intolerance, Breath-
test, Multilayer, Metallo-dielectric, PBG 
 
HE lowest layer of the terrestrial atmosphere, the 
troposphere, contains about 0.575ppm of hydrogen (H2).  
In contrast, the breath exhaled by healthy people preferentially 
holds 20ppm or more of H2. The increased hydrogen emission 
occurs primarily because part of ingested carbohydrates and 
proteins is not absorbed or digested, and is instead fermented 
to form hydrogen by bacteria settling either in the colon or, 
especially in the case of a bacterial overgrowth, in the small 
intestine. Part of this hydrogen is then dissolved in mucosal 
blood, transported to the lungs within a few minutes, and 
finally appears in the breath [1]. The most common cause of 
lactose malabsorption and lactose intolerance is a natural 
decrease in intestinal lactase levels, known as primary adult 
hypolactasia or lactase non-persistence [2]. The lactose 
intolerance can be hard to diagnose based on symptoms alone 
because the symptoms associated with this disorder are also 
common in other conditions, for example, irritable bowel 
syndrome. The most common test used to diagnose lactose 
malabsorption is the lactose hydrogen breath test. During this 
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test, the patient ingests a large dose of lactose, after which 
hydrogen levels in the breath are measured at regular intervals 
of 30 or 40 minutes. A rise in hydrogen breath levels (>20ppm 
over the baseline) theoretically indicates increased gas 
production due to malabsorbed lactose reaching the large 
intestine. Hence, by plotting the H2-concentration in the breath 
as a function of time after ingestion of the lactose solution, 
one is able to reveal a malabsorption condition. However, a 
positive response in the H2 breath test that diagnoses lactose 
malabsorption may or may not mean the occurrence of lactose 
intolerance [3-5]. 
In order to realize a highly sensitive sensor for a H2 breath 
test, we underline the importance of the selectivity in 
hydrogen sensing. This issue arises from the fact that in the 
majority of field applications, as well as in the exhaled breath, 
hydrogen must be detected in the presence of other gases, i.e. 
oxygen and nitrogen in the air. Moreover, the breath of 
healthy people contains nitrogen, oxygen, carbon dioxide, 
water vapor and inert gases. The remainder of human breath 
(<0.000001%) is a mixture of as many as 500 different 
compounds [6]. However, pathologic conditions could alter 
the breath composition introducing other gases and substances 
that can modify the sensor response. As a consequence, the 
presence of some traps for organic species is essential to 
preserve the detection mechanism from external damaging 
agents. A large number of materials and devices operating on 
different principles has been exploited for hydrogen sensing 
[7], such as a modified metal-oxide resistive gas sensor [8,9],  
pellistor [10] and ChemFET type [11] devices. Furthermore, 
many transition metals of the group VIII such as nickel, 
palladium and platinum spontaneously absorb hydrogen. This 
absorption causes a change of electrical and optical properties 
of the above mentioned metals. Palladium has a remarkable 
ability to absorb hydrogen.  In addition, the formation of 
palladium hydride results in increased electrical resistance, 
and in decreased dielectric constant [12]. Several 
configurations for hydrogen sensors based on the properties of 
palladium have been proposed. It has been demonstrated that 
thin palladium films can be deposited on an optical fiber to 
detect hydrogen [13, 14]. The measurement of hydrogen 
concentrations is also possible by monitoring the reflectivity 
of a thin palladium film deposited on the tip of an optical fiber 
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[15], or by monitoring the optical transmittance of a thin 
palladium film grown on a glass substrate [16]. Finally, more 
sensitive but also more complex measurements could be 
performed by monitoring optical changes in the surface 
plasmon resonance, [17] or interference phenomena [18]. 
In this paper we propose a novel approach to the detection and 
inspection of hydrogen concentrations. Our analysis yields a 
new device useful for H2-breath-test analysis. A palladium-
dielectric multilayer structure reacts with small quantities of 
hydrogen in the human breath, leading to reversible changes 
in the transmission spectrum. These changes involve certain 
wavelengths inside the spectrum, and depend on the capability 
of palladium films to absorb hydrogen molecules, leading to 
changes in the dielectric constant.   
 
I. THE PALLADIUM-HYDROGEN SYSTEM 
 
Hydrogen is a combustible substance with a lower explosive 
limit of 4.65% at room temperature and pressure, and since it 
is the smallest of the elements, one of the main barriers to 
overcome is the detection of small quantities of hydrogen. 
Due to its combustible nature, optical monitoring of hydrogen 
is considered the most appropriate method owing to its 
inherent safe nature when compared with techniques that 
require electrical measurements [12]. Moreover, a lot of 
transition metals such as nickel, palladium and platinum 
absorb hydrogen spontaneously, changing their optical 
properties as a function of hydrogen concentration. At the end 
of 19th century, it was demonstrated that palladium shows 
larger absorption of hydrogen compared to iron or platinum or 
other transition metals, and that it is possible to store a high 
quantity of hydrogen in a Pd lattice [19]. Free electrons states 
of Pd are filled by free electrons of the absorbed hydrogen, 
modifying the Fermi level and changing reversibly the 
electrical [20] and optical [21] properties of palladium. This 
causes the decrease of both the real and the imaginary parts of 
the complex permittivity of palladium [22]. It was also 
demonstrated that the complex permittivity of palladium 
hydride films εPdH could be expressed as: 
 
  PdH Pdhε ε= ×           (1) 
 
where εPd is the complex permittivity of bare palladium and h 
is a nonlinear function having values between 0 and 1, that 
describes the dispersive behavior of Pd as a function of 
hydrogen concentration. Values of h have been calculated and 
measured for a wide range of hydrogen concentrations, and 
they remain approximately constant if the metal thickness is 
changed [13]. It was also demonstrated that the Drude model 
could describe the hydride palladium optical properties as 
well, when the hydrogen concentration is increased [13,23]. 
Hence, to take into account the dispersion properties of bare 
Pd we use the well known Drude model, expressed by the 
following relation: 
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where ε∞ is the relative permittivity at high frequencies, ωp is 
the plasma frequency, τ is the relaxation time and ω is the 
angular frequency. In order to express the Drude parameters 
as a function of hydrogen concentration, the ε of the Pd thin 
film has been measured using different substrates, and by 
comparing the results in terms of transmittance and reflectance 
[24]. Once the nonlinear function h (see eq.1) is evaluated, the 
Drude parameters and the dielectric constant are calculated for 
all the hydrogen concentrations under investigation. By 
interpolating ωp, τ  and ε∞, the real (Fig. 1a) and the imaginary 
parts (Fig. 1b) of  the dielectric constant for hydride palladium 
are uniquely determined. How a palladium hydride condition 
occurs? The Palladium hydride is formed when palladium is 
exposed to hydrogen, and an efficient dissociation rate occurs 
 
 
Fig.1: (a) real part and (b) imaginary part of the dielectric constant against 
the hydrogen concentration in air. Hydrogen concentration values are 
typical of hypolactasia pathologic condition. 
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when hydrogen atoms are in contact with the palladium 
surface. The palladium hydride film has different mechanical, 
electrical, and optical properties than those of bare palladium. 
Moreover, hydride palladium exhibits a different behavior 
depending on the value of the hydrogen concentration. The 
hydride palladium could be characterized by two different 
phases, the α phase and the β phase. The reversible α phase 
occurs at low hydrogen concentrations, and in the absence of 
hydrogen Pd is considered in the α phase as well. If the 
hydrogen concentration is increased, Pd is transformed into 
the β phase. The transition point not only depends on the 
hydrogen concentration, but also on the film thickness and 
temperature. The β phase is not reversible and introduces an 
hysteresis in the optical and mechanical parameters of the 
palladium film. The transition from α to β phases for a thin 
palladium film (10-100nm) occurs at wider hydrogen 
concentration values (more than 4%) [25]. For hydrogen 
sensing applications it is important to avoid the Palladium 
phase transition during the experiments. A H2-breath-test is 
based on the detection of small quantities of hydrogen, 
ranging from 20ppm for healthy conditions, to 80ppm or more 
for pathologic conditions. In the whole range of our 
investigation it is assumed that the palladium remains in the 
reversible α phase, in order to be able to repeat the 
measurements with the same device without any hysteresis 
phenomena, or other structural variations. The desorption of 
the hydrogen can be operated by using a pure nitrogen 
atmosphere.    
 
II. METALLO-DIELECTRIC STRUCTURE THEORY 
 
In recent years it has been demonstrated that it is possible to 
realize one-dimensional photonic band gap (PBG) structures, 
containing hundreds of nanometers of metals, which remain 
relatively transparent in a pre-established range, the visible 
light, and opaque for infrared and ultraviolet light [26]. This 
interesting property could be useful for many wide-ranging 
applications, from micro opto-electromechanical systems [27], 
or the enhancement of the quadratic and cubic nonlinearities 
of metal [28]. Propagation of light through the stack occurs as 
a result of a resonance tunneling phenomenon. This feature 
takes place for many transition metals ranging from group III 
to group XII. Some of the noble metals, such as Au, Ag or Cu, 
are relatively transparent within a transmission window 
located at the beginning of interband transition from the d 
band to conduction band [28]. The most important objective 
of a metallo-dielectric, multilayer structure is to enhance the 
transmitted field with respect to the transmission through an 
equivalent amount of metal in a certain range of wavelengths. 
In this way, one is able to use a large quantity of metal many 
skin depths thick while maintaining losses exceptionally 
small. In fact, the concept of skin depth (as the distance at 
which the field intensity is decreased to 1/e of its input value) 
looses its meaning due to the presence of spatial 
discontinuities that drastically modify the physical properties 
of the structure [26]. The bandwidth and the spectral position 
of the zero reflection condition, i.e. transparent metal regime, 
can be tuned by properly choosing the thickness of each layer. 
One or two anti-reflection coatings can be efficiently 
dimensioned by calculating the phase shift induced by the 
metal within the structure to improve the transmittance [29]. 
High values of transmittance and a high sensitivity to the 
presence of small quantity of the analyte, i.e. hydrogen, are 
reachable by using Pd, which is a transition metal, inside a 
periodic, metallo-dielectric structure. Several solutions for 
hydrogen sensing using Pd have been proposed by embedding 
a thin film of metal between an isolating film and the tip of an 
optical fiber [30], or by coating a piece of fiber with a 
sensitive material [31]. As suggested by the theory of metallo-
dielectric multilayer structure, the overall thickness of Pd 
within the whole device can be increased, while keeping the 
device transparent to the visible light. As an example, we 
compare the transmittivity of a 50nm of pure Pd film grown 
on a glass substrate with that of a multilayer structure, 
composed of 4 periods and a half of Pd/dielectric (the 
dielectric material considered is ideal and has a relative 
permittivity equal to εx=6.25), embedded within two 
antireflection coatings. As depicted in Fig.2, we can notice an 
enhancement in the transmittivity by comparing the two 
devices under test. 
 
 
 
 
III. OPERATING PRINCIPLE 
 
 
Fig.2: Comparison between the transmittivity of two structures containing 
the same quantity of Palladium: dashed line refers to a pure 50nm Pd film 
grown on a glass substrate; solid line refers to a multilayer metal-
dielectric structure, composed of 4 periods and a half made by 10 nm of 
Pd and dielectric layers 85nm thick (εx=6.25). The peak value of T for the 
multilayer structure is 38,3% (487nm), compared with 0.78% of 50nm of 
pure Pd.
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As mentioned above, an efficient H2-breath-test device has to 
detect small quantities of hydrogen in the breath exhaled, with 
high selectivity in the presence of other gases.  For this reason 
traps for organics between the exhaled breath and the 
detecting device are useful in order to avoid damage or 
undesired chemical reactions. An efficient detection of 
hydrogen, operated by a multilayer structure, requires the use 
of an inert dielectric material that should be permeable to 
hydrogen. Furthermore, the optical properties of the dielectric 
material, i.e. the real and the imaginary part of the refractive 
index, must verify the following condition: the difference 
between the real part of the refractive index of the dielectric 
and the real part of the refractive index of palladium, in the 
visible range, must be sufficiently high to guarantee the 
resonance tunneling phenomenon. We start our analysis by 
considering a theoretical structure containing the sensitive 
material, Pd, and an ideal dielectric material X having εx=6.25 
and an extinction coefficient equal to zero. Low values of 
hydrogen concentration, under the explosive limit of 4.65%, 
can be easily detected by the palladium/dielectric device if the 
optical properties of the hydride palladium are properly 
analyzed (Fig.1 a – b). If the surrounding mixture of gases is 
composed of oxygen (30%), nitrogen (70%) and hydrogen (a 
few ppm) only, we can extract information about the optical 
properties of the Pd films, in order to relate a pathologic 
condition with an optical response for the sensitive metal. The 
creation of a relation between the total hydrogen part in the 
mixture and the correspondent pathologic condition is very 
useful for our purposes. A malabsorption condition results in 
an increase from a baseline value of 20ppm in the exhaled 
breath. This value remains constant during the test for healthy 
people, and changes dramatically after few minutes for 
patients that suffer from lactose malabsorption or lactose 
intolerance. For medical purposes, we have to consider 
hydrogen values ranging from 20ppm to 100ppm, which are 
typical values for pathologic conditions [32]. Several works 
report on changes of the optical properties of thin films of 
hydride palladium absorbing different hydrogen 
concentrations, both under and over the explosive limit of 
hydrogen [21,22]. As reported above, through the evaluation 
of the nonlinear function h (see eq.1), all the parameters of the 
Drude model and the dielectric constant are calculated for all 
the hydrogen concentrations under investigation. The use of 
the multilayer, metallo-dielectric structure increases the total 
amount of sensitive material, i.e. palladium, and at the same 
time it improves the transmissivity. The multilayer structure 
under investigation is composed of five layers of 10nm of Pd 
alternated by 4 layers of 85nm of the X dielectric material. 
This structure is embedded within two antireflection coatings 
of 45 nm of the same dielectric X, as depicted in Fig.3. The 
antireflection layers thickness is calculated by considering the 
phase shift due to the presence of the metal within the 
structure for an operating wavelength equal to 550 nm. The 
transmission spectrum of this structure, reported in Fig.4, has 
been calculated using the standard transfer matrix method. 
Normal incidence, absorption and dispersion phenomena are 
considered in all the simulations. We emphasize that the 
dielectric layers are about eight times thicker than the 
palladium ones. By properly varying the dielectric thickness 
inside the multilayer structure one is able to narrow the 
resonance bandwidth, achieving values of full-width at half 
maximum of ~15nm for dielectric thicknesses of 500nm or 
more. We notice that this phenomenon does not modify the 
transmission properties of the structure, altering only the 
spectral response of the structure in terms of resonance 
spectral position and bandwidth. The transmission spectrum of 
the multilayer system undergoes small changes as the H2 
concentration is varied in the environment. For example, by 
increasing the concentration of hydrogen, increased 
 
Fig.4: Sketch of transmission and reflection spectra for the multilayer 
structure. 
 
 
Fig.3: Metallo-dielectric sensor: light grey regions are the dielectric layers 
(X) and dark grey regions are the metal layers (Pd). The thicknesses of 
each layer are defined as a=45nm, c=85nm, b=10nm.  
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transmittivity levels within the visible range is increased. This 
phenomenon is strictly linked to the red shift of the plasma 
frequency and to the enhancement of the damping factor of 
the palladium hydride as well. As depicted in Fig.5, we 
predict an increase of 6,3% in terms of peak transmission 
value when a malabsorption condition is detected, i.e. the 
overtaking of the 20ppm baseline. Moreover, a total increase 
of about 12,2% of the transmission spectrum is revealed when 
the total amount of hydrogen in the environment grows from 
20ppm to 100ppm. 
 
IV. DEVICE MODELING 
 
An efficient detection of hydrogen, operated by the multilayer 
structure, can be realized if a dielectric material inert and 
permeable to the hydrogen presence is used. Moreover, one of 
the most important issues to reach the transparent metal 
regime is ensured by a sufficiently high difference between 
the real part of the refractive index of the dielectric and the 
real part of the refractive index of palladium across the visible 
range. Polymers are the best candidates for our purposes, 
combining two of the most important requirements mentioned 
above: they are inert in the presence of hydrogen and their 
chemical features allow to be permeable to hydrogen 
molecules. While the majority of commercial polymers are 
characterized by a relatively low real part of the refractive 
index, reaching values lower than 1.8 [33], a high refractive 
index material has been recently proposed and realized. This 
material, known as EXP0454, is a titanium dioxide-rich 
polymer with a refractive index that reaches values close to 2 
across the visible range. It shows high transparency and 
resistance to chemical attack [34]. This polymer is suitable for 
the realization of an H2-breath-test device by all means. In 
fact, by properly alternating EXP0454 and Pd should be able 
to exploit the properties of a metallo-dielectric structure in 
order to realize a high sensitivity hydrogen sensor. As seen for 
the structure sketched in Fig. 3, the optimization of the 
transmission spectrum and spectral peak position depends on 
the parameters a, b and c. Another significant feature of the 
proposed device is the sensitivity of the structure against the 
variation of hydrogen concentration in the human exhaled 
breath. As shown in Fig. 5, the rise of the transmittance peak 
value against the hydrogen concentration could not be 
described exactly by a linear function. Our aim is to find a 
trade-off between an excellent sensitivity in the whole range 
of hydrogen concentration under investigation and the 
compactness of the device, obtained through the analysis of 
the transmission properties of the multilayer structure. As 
depicted in Fig. 6 an analysis of the sensor sensitivity has been 
performed by varying the parameter c (see Fig. 3). The 
sensitivity of the sensor is defined by the following 
expression: 
 
[%]
 ,   H [ ] 20, ...100 ppm2[ ] [ ]2 2
Tpeak
S ppm
H ppm H ppm
Δ
= =∫
Δ
     (3) 
 
We have performed an optimization analysis of the key 
parameters in order to find a balance between the width of the 
whole structure, the transmission features, including the 
transmission peak bandwidth, and the device sensitivity in the 
whole range of hydrogen concentration under investigation. 
According to Fig. 6 it is difficult to describe the sensitivity 
value (see eq.3) as a regular function. The maximum of 
sensitivity is reached at c=110nm (Fig.6). As depicted in 
Fig.7, the calibration curve for c=110nm shows the highest 
average sensitivity S, but it has a flat shape in the 40÷60ppm 
range. In this interval the device is not sufficiently sensitive to 
small variations of the percentage of H2, and it does not 
appear to be useful for an H2-breath-test. Looking for a better 
configuration, able to ensure good sensitivity in the whole 
range of investigation, we have analyzed configurations 
 
 
 
Fig.5: Metallo-dielectric sensor calibration curve: the transmission 
spectrum peak value (487 nm) increases by growing the concentration of
 
 
 
Fig6: Hydrogen sensor sensitivity (S) as a function of dielectric layer 
thickness, defined as c 
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characterized by other values of S (Fig.6). Among these, we 
found that c=120nm represents the best compromise in terms 
of sensitivity, device compactness and linearity of the 
calibration curve (Fig.7). In Tab.1 we summarized some 
features for the devices characterized by c=110nm and 
c=120nm. In particular we report on sensitivity of the devices 
(S) their total width (W) and transmission peak full-width at 
half maximum (B). No considerable variations of sensitivity 
are found by varying the total thickness of palladium layers in 
the structure (parameter b in Fig.3). The transmission 
spectrum of the optimized sensor (in this context, it is clear 
that we have not exhausted all of parameter space) is depicted 
in Fig.8. This spectrum is produced by a multilayer structure 
similar to the one sketched in Fig.3, using the following 
values: a=65nm, b=10nm, c=120nm. The measured 
transmittance allows us to plot the curve that relates the 
exhaled hydrogen concentration during the test after the 
ingestion of the lactose solution. After the ingestion the 
hydrogen levels in the breath are measured at regular intervals 
of 30 or 40 minutes.  
 
 
TABLE I 
 
 
 
 
 
 
 
 
 
 
 
V. CONCLUSION 
 We have proposed a novel approach to hydrogen sensing in 
terms of a compact, nano-optical sensor suitable for  H2-
breath-test analysis. This kind of device is potentially very 
useful for the detection of lactose malabsorption or intolerance 
condition, and provides clear information about the healthy-
unhealthy threshold. Moreover, this structure can be used to 
reveal the amount of hydrogen in the breath exhaled by 
unhealthy people, and can be used to establish  a relationship 
between time and exhaled hydrogen, resulting in an efficient 
H2-breath-test analysis, lactose malabsorption diagnosis in 
particular. 
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